There is evidence that burn injury stimulates ubiquitin-proteasome-dependent protein breakdown in skeletal muscle. In this proteolytic pathway, protein substrates are conjugated to multiple molecules of ubiquitin, whereafter they are recognized, unfolded and degraded by the multicatalytic 26 S protease complex. The 20 S proteasome is the catalytic core of the 26 S protease complex. The influence of burn injury on the expression and activity of the 20 S proteasome has not been reported. We tested the hypothesis that burn injury increases 20 S proteasome activity and the expression of mRNA for the 20 S proteasome subunits RC3 and RC7. Proteolytic activity of isolated 20 S proteasomes, assessed as activity against fluorogenic peptide substrates, was increased in extensor digitorum longus muscles from burned rats. Northern-blot analysis revealed that the expression of mRNA for RC3 and RC7 was increased by 100 % and 80 % respectively following burn injury. Increased activity and expression of the 20 S proteasome in muscles from burned rats support the concept that burn-induced muscle cachexia is at least, in part, regulated by the ubiquitin-proteasome proteolytic pathway.
INTRODUCTION
Burn injury is associated with negative nitrogen balance and whole-body protein loss, mainly reflecting a catabolic response in skeletal muscle [1, 2] . Although previous studies suggest that burn-induced muscle cachexia reflects both inhibited protein synthesis and increased protein breakdown, the stimulated protein degradation, in particular myofibrillar protein degradation, is the most important component of muscle catabolism in this condition [2] .
Intracellular protein breakdown is regulated by multiple proteolytic pathways, including lysosomal, calcium-dependent and ubiquitin-proteasome-dependent pathways. In recent studies in our laboratory, burn injury in rats resulted in increased gene expression of ubiquitin in skeletal muscle [3] . In addition, the burn-induced increase in muscle proteolysis was blocked by proteasome inhibitors [4] . These results are consistent with the concept that the ubiquitin-proteasome pathway plays an important role in the development of muscle cachexia after burn injury.
The ubiquitin-proteasome pathway and its role in muscle catabolism have been reviewed in detail recently [5] [6] [7] [8] . Proteins degraded by this mechanism are first conjugated to multiple molecules of ubiquitin, whereafter they are recognized and broken down by the 26 S proteasome. The proteolytic core of the 26 S proteasome is the 20 S proteasome which is a barrel-shaped particle consisting of four stacked rings with seven subunits in each ring [9] . The subunits of the outer ring are called α-subunits and those of the inner rings are called β-subunits. The functions of the α-subunits include interaction between the 20 S proteasome and various regulating proteins, whereas the catalytic sites are located on the inner side of some of the β-subunits.
The influence of burn injury on the expression and activity of the 20 S proteasome has not been reported previously. We tested the hypothesis that burn injury stimulates the activity and upregulates the gene expression of the 20 S proteasome in skeletal muscle. This was done by measuring proteolytic activity in isolated proteasomes and by determining mRNA levels for the 20 S proteasome α-subunit RC3 and β-subunit RC7 in muscles from burned rats. We found that the proteolytic activity of isolated 20 S proteasomes was increased in muscles from burned rats concomitant with increased mRNA levels for the proteasome subunits. These results support the concept that the catabolic response to burn injury, at least in part, reflects proteasome-dependent muscle proteolysis.
MATERIALS AND METHODS

Experimental animals
Male Sprague-Dawley rats (Harlan Company, Indianapolis, IN, U.S.A.) weighing 40-60 g were housed at an ambient temperature of 25 mC with a 12 h light\dark cycle. Rats of this size were used to allow comparison with the results of previous experiments in which the effect of burn injury on protein breakdown rates in lower extremity muscles was determined [2] [3] [4] . After acclimatization for three days, the rats were anaesthetized with 35 mg\kg body weight pentobarbital intraperitoneally (Nembutal ; Abbot Laboratories, North Chicago, IL, U.S.A.), the dorsal fur was closely clipped and a 30 % total-body surface area full-thickness burn was induced on the back by burning two layers of kerosene-soaked gauze for 15 s. The size of the burn wound was determined by using the formula of Horst et al. [10] . The rats were resuscitated with 10 ml\100 g body weight 0.9 % saline solution administered intraperitoneally immediately before induction of the burn. Control rats were anaesthetized, clipped and resuscitated with saline but not burned. After the burn or control procedure, rats were housed individually with free access to drinking water. Rats in the control group were pair fed with burned rats as described previously [4] . Extensor digitorum longus muscles were harvested from groups of rats at 6 h, 12 h and 24 h after burn or control procedures. The extensor digitorum longus muscle, which is predominantly a white, fast-twitch muscle, was used in the present study because the catabolic response to burn injury is particularly pronounced in this type of muscle [2, 11] .
All rats were cared for in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals, and the experimental protocol was approved by the Institutional Animal Care and Use Committee at the University of Cincinnati.
Isolation of 20 S proteasomes and measurement of proteolytic activity
At different time points after control procedure or burn injury, rats were anaesthetized with pentobarbital (35 mg\kg body weight intraperitoneally) and the extensor digitorum longus muscles were harvested, frozen in liquid N # and stored at k70 mC until analysis. Pooled muscles from five rats were homogenized, using a Dounce homogenizer, in ice-cold buffer (pH 7.5) containing 50 mM Tris\HCl, 5 mM MgCl # and 250 mM sucrose. The proteasomes were isolated by three sequential centrifugation procedures : the first was at 10 000 g for 20 min, the supernatant from this procedure was then centrifuged at 100 000 g for 1 h, and the supernatant from this was centrifuged at 100 000 g for 5 h. The final pellet, containing the 20 S proteasomes, was resuspended in buffer (pH 7.5) containing 50 mM Tris\HCl, 5 mM MgCl # and 20 % (v\v) glycerol. The protein content of the proteasome preparation was determined according to Lowry et al. [12] . The method for isolation of the 20 S proteasomes described here was based on those in previous reports [13] [14] [15] . Electron microscopy confirmed the presence of 20 S proteasome particles in the proteasome preparation (results not shown), and inhibition of proteolytic activity by specific proteasome blockers (see below) further validated the procedure used to isolate the 20 S proteasomes.
The proteolytic activity of the 20 S proteasomes was determined by measuring the activity against the fluorogenic substrates succinyl-leucine-leucine-valinetyrosine-7-amido-4-methyl-coumarin (LLVY) and N-carbenzoxy-leucine-leucine-glutamate-7-amido-4-methylcoumarin (LLE) (Sigma Chemical Co., St. Louis, MO, U.S.A.). These substrates are preferentially hydrolysed by the chymotrypsin-like and peptidylglutamyl peptidase activities of the 20 S proteasome respectively [16] . To measure proteolytic activity, 10 µl of the 20 S proteasome extract was added to 50 µl of medium containing 50 mM Tris\HCl (pH 8.0), 10 mM MgCl # , 1 mM 1,4-dithiothreitol, 2 units of Aypyrase and 300 µM LLVY or 800 µM LLE. The mixture was incubated at 37 mC for 45 min and the reaction was stopped by the addition of 150 µl of 100 % ice-cold ethanol. The peptidase activity was determined by measuring the generation of the fluorogenic cleavage product (methylcoumarylamide) at excitation of 380 nm and 440 nm emission wavelength (CytoFluor4 2350 fluorescence spectrophotometer ; Millipore, Marlborough, MA, U.S.A.). Standard curves were established for the fluorogenic product, and peptidase activity was expressed as pmol\min per µg of protein. In initial experiments, the relationships between substrate and proteasome concentrations and proteasome activity were established. The substrate and proteasome concentrations used in the present experiments were on the linear parts of the curves describing these relationships.
Measurement of PA28α levels
Because the 20 S proteasome activity can be regulated by the capping protein PA28 [17] , and because small amounts of PA28 are present in the proteasome preparations isolated as described in the present study (J. J. Monaco, unpublished work), it was important to determine whether the proteasome preparations from control and burned rats contained different amounts of PA28. PA28 consists of α and β subunits, and the concentration of PA28α in the proteasome preparations was determined by Western-blot analysis. Purified proteasomes (28 µg\lane) were resolved by linear gradient SDS\PAGE (11 % polyacrylamide gel) and transferred to Immobilon-P transfer membranes (Millipore, Bedford, MA, U.S.A.) using the Mighty Small II System (Hoefer Pharmacia Biotech, San Francisco, CA, U.S.A.). For each experiment, two parallel gels\membranes with identical samples in each lane were analysed. The membranes were Western blotted using anti-PA28α rabbit sera, generated as described previously [18] , and developed with the ECL2 detection system (Amersham Life Sciences, Arlington Heights, IL, U.S.A.). Quantification of the bands was performed by densitometry.
Measurement of 20 S proteasome subunit mRNA levels
RC3 and RC7 mRNA levels were determined by Northern-blot analysis, as described previously [3, 11] . In short, total RNA was extracted by the guanidinium thiocyanate\phenol\chloroform (1 : 1 : 0.2 ; by vol.) method using an RNA STAT-60 kit (Tel-Test ' B ' Inc., Friendswood, TX, U.S.A.). RNA was denatured and separated by electrophoresis on a 1 % (w\v) agarose gel containing formaldehyde. The RNA was transferred to nylon membranes (Micron Separations Inc., Westboro, MA, U.S.A.) by capillary attraction in 2iSSC (1iSSC l 0.15 M NaCl, 15 mM sodium citrate) overnight. RNA was immobilized by UV crosslinking. The blots were hybridized at 42 mC for 4 h in 50 % (w\v) formaldehyde and 6iSSPE (1iSSPE l 0.15 M NaCl, 10 mM NaH # PO % , 1 M EDTA), 5iDenhardt's solution, 0.5 % (w\v) SDS and 100 µg\ml salmon sperm DNA. cDNA probes for the 20 S proteasome subunits (kindly provided by Dr. K. Tanaka, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan) were labelled by random priming with [$#P]dATP (Stratagene, LaJolla, CA, U.S.A.). The blots were hybridized at 60 mC overnight, and were then washed twice in 1iSSC containing 0.1 % (w\v) SDS, once in 0.1iSSC containing 0.1 % (w\v) SDS at room temperature and autoradiographed overnight at k70 mC. The blots were stripped and rehybridized with a rat 18 S oligonucleotide probe (GACAAGCATATG-CTACTGGC) to test for equal loading of RNA. The blots were quantified using the Image Quant Program (PhosphorImager ; Molecular Dynamics Inc., Sunnyvale, CA, U.S.A.) and the relative mRNA abundance was expressed as the ratio between proteasome subunit mRNA and the 18 S band.
Statistics
Results are presented as meanspS.E.M. Student's t test or analysis of variance (ANOVA) followed by Tukey's test was used for statistical analysis.
RESULTS
Burn injury resulted in increased proteasome activity with LLVY as substrate, with a statistically significant difference between control and burned rats noted 12 h and 24 h after injury (Figure 1 ). This result suggests that proteasome chymotrypsin-like activity was increased in muscles from burned rats. Because the proteasome The activity was measured in isolated proteasomes prepared as described in the Materials and methods section. Results are meanspS.E.M. ; n l 6 or 7 in each group. *P 0.05 compared with the corresponding sham group, as analysed by ANOVA. AMC, amidomethylcoumarin. activity was calculated per µg of protein, the results reflected increased specific activity. The amount of protein in the proteasome fractions was 0.14p0.006 mg and 0.15p0.023 mg for control and burn muscle respectively (not significantly different), which, taken together with the increased specific activity, indicated that total proteasome activity per muscle was higher in burned than in control rats.
In order to validate the methods used to isolate 20 S proteasomes and to study their proteolytic activity, we next examined the effect of different protease inhibitors. The lysosomal inhibitor leupeptin (100 µM) did not influence proteasome activity against LLVY (Figure 2 ). In contrast, lactacystin (100 µM), which is a specific inhibitor of the proteasome chymotrypsin-like activity [19] , effectively inhibited the activity of proteasomes from both control and burned rats with LLVY as substrate (Figure 2 ).
To test whether the effect of burn injury was specific for chymotrypsin-like activity of the proteasome, we next measured the activity against LLE, which is preferentially hydrolysed by the peptidylglutamyl peptidase activity of the 20 S proteasome [16] . Burn injury resulted in an approx. 50 % increase of the proteasome activity against LLE ( Figure 3 ). As expected, the proteasome activity with LLE as substrate was not influenced by leupeptin or lactacystin (Figure 3) .
The activity of the 20 S proteasome can be regulated by the capping proteins PA28 (11 S) and PA700 (19 S) [17] . The activity of 19 S is energy (ATP)-dependent and Activity was measured in isolated proteasomes in the absence of inhibitor (None) or in the presence of 100 µM leupeptin (Leup) or 100 µM lactacystin (Lact). n l 6 or 7 in each group. * P 0.05 compared with control procedure, by ANOVA. AMC, amidomethylcoumarin. because the proteasome activity was determined in the absence of ATP in the present study, it is not likely that the difference in proteasome activity between control and burned rats reflected different amounts of 19 S in the proteasome preparations. In contrast, the activity of PA28 is not energy-dependent and, therefore, it was important to test the possibility that the increased proteolytic activity of the proteasomes isolated from Muscle 20 S proteasome in burn injury muscles of burned rats reflected increased amounts of PA28. Western-blot analysis showed that the PA28α levels were similar in proteasome preparations from control and burned rats (Figure 4) .
The potential role of the proteasome in the catabolic response to burn injury was further tested by measuring mRNA levels for the 20 S proteasome α-subunit RC3 and β-subunit RC7. We studied these subunits because, in previous reports, their expression was increased in skeletal muscle in other catabolic conditions, including metabolic acidosis [20] , denervation [21] , sepsis [15] and fasting [22] . The expression of mRNA for RC3 and RC7 was increased by 100 % and 80 % respectively 12 h after burn injury ( Figure 5 ). mRNA levels were determined 12 h after burn injury, because, in previous experiments, the gene expression of ubiquitin was maximally increased at this time point after burn injury [11] .
DISCUSSION
The present results suggest that the gene expression and proteolytic activity of the 20 S proteasome are increased in skeletal muscle after burn injury and support the concept that the ubiquitin-proteasome proteolytic pathway plays a role in burn-induced muscle cachexia. The results are similar to those in a recent report from our laboratory in which we found evidence that the expression and activity of the 20 S proteasome were increased in muscle from rats with abdominal sepsis, another condition characterized by a substantial increase in muscle proteolysis [15] . In contrast, Dahlmann et al. [23] reported that muscle cachexia induced by starvation was not associated with an increased amount of muscle 20 S proteasome and the specific proteasome activity was even reduced. Thus the 20 S proteasome may respond differently to different catabolic conditions.
The mechanisms of increased 20 S proteasome expression and activity in muscles from burned rats are not known from the present experiments. Increased mRNA levels of the proteasome subunits may reflect increased gene transcription or increased stability of the transcripts. In previous studies, the transcription of several of the genes in the ubiquitin-proteasome pathway was upregulated in catabolic muscle [24] . In recent experiments in our laboratory, indirect evidence suggested that increased ubiquitin mRNA levels in muscles from septic rats were caused by increased transcription of the ubiquitin gene [25] . Thus it is likely that the elevated mRNA levels for the 20 S proteasome subunits noted in the present study reflected stimulated gene transcription, although further experiments are needed to prove that point.
Increased activity of the 20 S proteasome may be caused by increased amounts of the proteasome or increased specific activity of the proteolytic complex. The present results do not definitively discriminate between these mechanisms. The fact that proteasome activity was expressed per amount of purified 20 S protein, however, suggests that the specific activity was increased in muscles from burned rats. This is in line with a recent study in which we found that increased 20 S proteasome activity in muscles from septic rats reflected increased specific activity, and that the amount of 20 S proteasome was unchanged [15] .
It should be noted that the total 20 S proteasome activity per muscle can be influenced not only by the specific activity, but also by differences in the amount of 20 S proteasome in the muscles and by differences in efficiency of isolation of the proteasome. In the present study, the protein content in the 20 S fractions was similar when proteasomes were isolated from muscles of burned and control rats, suggesting that the amount of 20 S proteasomes was not different in the two conditions. Taken together with the finding that the PA28 levels were similar in preparations from control and burned rats, these observations suggest (but do not prove) that the efficiency of isolation of proteasomes was similar under the two conditions. To more definitively determine the efficiency of isolation, it would be necessary to determine the amount of 20 S proteasome proteins in intact muscle before and after isolation of the proteasome.
Because the peptidase activity was measured in the absence of ATP in the present experiments, it is not likely that the activity was influenced by the 19 S capping protein (PA700) or reflected 26 S proteasome activity [17] . The current results suggest that the increased peptidase activity in proteasome preparations from burned rats also did not reflect increased amounts of PA28. Thus burn injury probably induced a change in the activity of the proteasome itself. Potential mechanisms could be that burn injury resulted in phosphorylation of the proteasome [26] or altered the assembly of the 20 S proteasome [18] , resulting in proteasomes with different subunit composition. Additional studies are needed to test these possibilities. Regardless of the mechanisms of increased 20 S proteasome expression and activity, the present results are important because they further support the role of the ubiquitin-proteasome pathway in the regulation of muscle protein breakdown after burn injury.
In a recent study by Craiu et al. [16] , the regulation of the proteolytic activity of isolated 20 S and 26 S proteasomes from normal rabbit skeletal muscle was examined. In that study also, lactacystin (and its active breakdown product β-lactone) effectively blocked the hydrolysis of LLVY, consistent with inhibition of the chymotrypsin-like proteasome activity. In contrast, the peptidylglutamyl-like peptidase activity was relatively resistant to β-lactone [16] , which probably explains why lactacystin did not inhibit the activity with LLE in the present study. In addition to testing the peptidase activity of the proteasomes, Craiu et al. [16] determined the breakdown of casein by purified muscle proteasomes. Lactacystin and β-lactone also inhibited casein breakdown, although the concentrations of blockers necessary to inhibit proteolysis were higher than the concentrations needed to block peptide hydrolysis.
Those observations are important because they suggest that changes in proteasome activity against peptide substrates reflect changes in proteasome proteolytic activity.
It should be noted that, although the results of the present study suggest that burn injury results in increased expression and activity of the 20 S proteasome in skeletal muscle, the data need to be interpreted with caution for several reasons. First, the proteolytic activity was measured in vitro in a cell-free system and, because the assay was performed without addition of ATP, 20 S rather than 26 S proteasome activity was measured. This is different from the situation in vivo where ubiquitinated proteins are degraded by the 26 S proteasome in an ATPdependent manner [3, [6] [7] [8] 17] . In the present study, 20 S proteasome activity was determined to allow for the individual assessment of the proteolytic core of the ubiquitin-proteasome pathway in the absence of its regulatory 19 S complex.
Secondly, increased mRNA levels for certain proteasome subunits do not necessarily mean that the amounts of these or other proteasome subunits are increased. Indeed, the present results suggest that the amount of 20 S proteasome was not increased in muscle after burn injury, supporting the concept of increased specific activity of the 20 S proteasome. Unchanged 20 S proteasome protein levels, despite increased mRNA levels, may be caused by reduced translational efficiency, increased turnover of the 20 S proteasome subunits, or a combination of these changes.
Thirdly, the present result of increased 20 S proteasome activity, as well as our previous observations of ubiquitin-proteasome-dependent protein breakdown in muscles from burned rats [3, 4, 11] , do not address the question of whether this proteolytic mechanism is the initiating or rate-limiting step in burn-induced muscle proteolysis. Interestingly, we recently found evidence that, during sepsis, calcium-dependent calpain-mediated release of myofilaments from the sarcomere may be an early and perhaps rate-limiting component of muscle breakdown, making released actin and myosin accessible to ubiquitination and subsequent breakdown by the 26 S proteasome [27] . If a similar mechanism is involved in cachectic muscle after burn injury, it is possible that the present observation of increased activity and expression of the 20 S proteasome reflected an increased amount of substrates made available to the ubiquitin-proteasome system.
Finally, the chymotrypsin-like and peptidylglutamyl peptidase activities of the 20 S proteasome were measured in the present study, and it is not known if burn injury upregulates other 20 S proteolytic activities as well. The chymotrypsin-like and peptidylglutamyl peptidase activities were measured because recent studies suggest that these proteolytic sites may interact with each other in a rate-limiting fashion [28] .
